A method for producing half-tone pictures by computer is presented.
The basic method, which is very simple, works well in most cases, but does not handle all objects correctly. The extended method, which copes with all cases, is also described. The functions used for calculating the intensity of parts of objects, and the method for handling transparency, are discussed. Examples of pictures produced by this method are included, and the times taken to generate them are tabulated.
The extended algorithm compares favourably in spee d and storage requirements with other published algorithms.
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I NTRODUCT ION
The computer production of shaded images is a further attempt to improve the realism of computer-produced pictures. This subject has received increasing attention in recent years and it has become apparent that images can be produced with an acceptable amount of computation.
The solution to the hidden-surface problem involves comparisons of chosen parts of the scene with other parts to determine those which are visible.
Previous approaches have carried out these comparisons on a point by point basis [1] , a scan-line basis [2,3,4,5] , or on an area basis [6].
The approach described in this paper tackles the problem by identifying areas of complexity in the image, then resolving the difflculty by dividing the planar faces of the object until the difficulty has disappeared.
Although no direct machine trials have been undertaken, it seems that this method compares favourably with other published methods.
The cost of software methods is coming down, but it is probably true to say that the time taken to produce an image precludes the possibility of using shaded pictures in a truly interactive way in the design process.
The method outlined in this paper is relatively fast as a software approach, and has the advantage that a ~ajor part of the computational load can be offloaded onto a fairly cheap hardware device.
THE BASIC METHOD
Input for the present implementation is a series of conceptually opaque quadrilateral faces.
Although the faces are nominally planar, the algorithm will handle cases where the faces are slightly twisted, thus allowing approximations to curved surfaces to be handled. Initially the object is transformed into the viewer's coordinate system, this being x horizontal and y vertical, the negative z axis being the line of sight.
The transformed object is then clipped to remove any portion behind a plane placed just in front of the viewing point. After the half-space clip the object is further transformed into screen (or perspective) space, by applying a single perspective divide to each of the x,y and z coordinate values.
The reason for working in 3D perspective space is to simplify many of the 2D and 3 D tests involving pairs of faces.
At this stage, any face lying completely outside the viewing area is discarded. For a solid object, any face of the surface that faces away from the eye can be discarded. This simplification cannot be applied to surfaces that do not represent solids or closed shells.
In all cases faces that are viewed edge-on can also be rejected.
The resulting object description is processed by the main body of the hidden surface procedure.
The approach to be described centres around a screen map, which may be considered as a software simulation of a digital video disc. The screen map holds sufficient information to determine the intensity of every raster point in the image° Portions of the object are written to the screen map in an ordered manner such that those faces furthest from the eye are written first, the map being successively overwritten by each succeeding face.
An advantage of this method over most others is that if the correct relative ordering of groups of faces is known, then only one group need be handled at a time.
The overwriting capability of the screen map handles the obscuring of one group by another.
Using this method, scenes can be produced containing many more faces than can be held in core at once. 
THE EXTENDED ALGORITHM
The simple algorithm described above was augmented by providing a control section to order the faces correctly and split those faces that cause problems in the ordering. The flowchart in Figure 1 gives a broad outline of the augmented procedure.
Prior to entering the procedure certain frequently-used data items are computed and stored in linear arrays. The test for writing Q before P is very similar to the test for writing P before Q and can utilise some of the intermediate results of the former test° If it can be proved that Q does not obscure P, then Q is moved to the top of the list and marked. The list is collapsed to fill the gap created.
Should the attempt to reorder Q fail, the program enters a face-splitting procedure that slices P or Q into two pieces and then inserts t h e r e s u l t i n g f r a g m e n t s i n t h e i r c o r r e c t p o s i t i o n s i n t h e l i s t , a c c o r d i n g t o t h e i r m i n i m u m z values.
An earlier implementation of the extended algorithm entered the face-splitting routine without any attempt to reorder faces. This worked well for many cases, but occasionally the program would split faces into smaller and smaller pieces w i t h o u t s o r t i n g o u t t h e d i f f i c u l t y u n t i l f r a g m e n t s t h e s i z e o f r a s t e r p o i n t s r e s u l t e d . S u c h c a s e s w e r e c o n s i d e r a b l y i m p r o v e d b y t h e r e o r d e r i n g e n h a n c e m e n t , a n d i n a l l e x a m p l e s t e s t e d i t l e d t o a n i m p r o v e m e n t i n c o m p u t a t i o n time.
THE ORDERING TEST IN DETAIL
The routine that tests whether it is permissible to write face P to the screen map before Q must be made as efficient as possible, since it will be entered frequently for all faces in the object, In the current implementation the following sequence of tests is made. Although they are not the only set of tests that could be devised, they have been designed so that the program can exit after a minimal amount of computation. As mentioned previously, the routine a n s w e r s t h e q u e s t i o n ' d o e s P o b s c u r e Q ? ' , a n d e x i t s w i t h a n e g a t i v e a n s w e r s h o u l d a n y o f t h e f o l l o w i n g t e s t s be s a t i s f i e d :
I.
Extreme screen values of x of two faces do not overlap 2.
Extreme screen values of y of two faces do not overlap 3. P is contained wholly in the back half-space of Q 4. Q is contained wholly in the front half-space of P
5.
Faces do not overlap on the screen (Any face divides space into two half-spaces, and the front half-space is defined to contain the eye.)
Should a]l five tests fail then it is still possible that the ordering is satisfactory, but the further computation needed to prove this conclusively is considered unjustified. Hence in these circumstances the program assumes that P obscures Q. In the event of failure then only the equivalent of tests 3 and 4 need be repeated for the converse test for writing Q before face P. If it is shown that Q does not obscure P , and Q has not been previously displaced, then it is moved to the top of the list and marked. This new top member of the list is now treated as the new P .
THE FACE-SPLITTING R~JTINE
I f a l l a t t e m p t s t o f i n d a c o r r e c t o r d e r i n g o f a p a i r o f f a c e s f a i l , t h e n e i t h e r f a c e P o r Q ( n o t b o t h ) i s s l i c e d i n t w o i n t h e h o p e t h a t r e d u c i n g t h e f a c e s i z e w i l l e n a b l e a n o r d e r i n g o f t h e r e s u l t i n g f r a g m e n t s t o b e f o u n d .
T h e p r o c e d u r e i s a s f o l l o w s :
1 . I f p a r t s o f P l i e i n b o t h h a l f -s p a c e s o f Q t h e n s l i c e P i n t w o w i t h t h e p l a n e o f Q a n d e x i t 2 .
I f p a r t s o f Q l i e i n b o t h h a l f -s p a c e s o f P t h e n s l i c e Q i n t w o w i t h t h e p l a n e o f P a n d e x i t
. S l i c e P i n h a l f t h r o u g h t h e m i d -p o i n t s o f t h e l o n g e s t p a i r o f o p p o s i t e s i d e s .
A f t e r o n e f a c e h a s b e e n s p l i t , t h e r e s u l t i n g f r a g m e n t s a
n d t h e o t h e r u n s p l i t f a c e a r e i n s e r t e d i n t h e i r c o r r e c t p o s i t i o n s i n t h e l i s t , t h i s b e i n g b e l o w a n y m a r k e d f a c e s w h i c h h a v e b e e n p r e v i o u s l y f o r c e d o u t o f o r d e r t o t h e t o p o f t h e l i s t .
A g a i n , a s i n t h e c a s e o f t h e o r d e r i n g t e s t s , t h i s s p l i t t i n g s t r a t e g y i s n o t t h e o n l y o n e p o s s i b l e .
THE REPRESENTATION OF THE SCREEN MAP
The basis of this whole method of solving the hidden-surface problem is the screen map with its overwrite capability. This occupies most of the time used in producing an image. As mentioned earlier, only very simple logic is required to implement a restricted hidden-surface routine t h a t w i l l
When a new f a c e o f t h e o b j e c t is to be written to the screen map, it is first processed into horizontal line segments at the required intensity.
When one of these llne segments is added to the screen map, its c o r r e s p o n d i n g r a s t e r l i n e bead i s c o p i e d t o t h e t o p o f t h e b u f f e r a r e a , s i m u l t a n e o u s l y m e r g i n g t h e new l i n e w i t h l i n e s e g m e n t s a l r e a d y t h e r e . Thus t h e r a s t e r l i n e p o i n t e r h a s t o be u p d a t e d and t h e o r i g i n a l b e a d n u l l i f i e d . When t h e b u f f e r a r e a g e t s f i l l e d , w h i c h i n some c a s e s c a n be f r e q u e n t l y , t h e p r o g r a m e n t e r s a s i m p l e ' g a r b a g e c o l l e c t i o n ' p r o c e d u r e t o remove t h e n u l l i f i e d b e a d s .
I n v e s t i g a t i o n s w e r e made i n t o m e t h o d s o f r e d u c i n g t h e amount o f g a r b a g e c o l l e c t i o n r e q u i r e d , and a l t h o u g h l a r g e r e d u c t i o n s w e r e a c h i e v e d , t h e n e t r e s u l t was t o i n c r e a s e t h e o v e r a l l c o m p u t i n g t i m e , and so i t t r a n s p i r e s t h a t t h e s i m p l e a p p r o a c h i s t h e b e s t y e t f o u n d .
The a l g o r i t h m , c o n s i d e r e d a s a s o f t w a r e m e t h o d , c o u l d be r e g a r d e d a s a s c a n -l i n e method w i t h a p r e p r o c e s s o r t h a t a l l o w s t h e l o g i c t o s o l v e t h e 2D h i d d e n -l i n e p r o b l e m on e a c h s c a n -l l n e t o be g r e a t l y s i m p l i f i e d . I n f a c t , e x t e n s i o n s a l o n g t h e s e l i n e s a r e t h e s u b j e c t o f c u r r e n t i n v e s t i g a t i o n s . The i d e a i s t o p r o d u c e a l l s t o f f a c e s and f a c e f r a g m e n t s w h i c h , i f w r i t t e n t o t h e s c r e e n map i n o r d e r , w o u l d p r o d u c e t h e c o r r e c t p i c t u r e . A b a c k e n d c o n s i s t i n g o f a much s i m p l i f i e d s c a n -l i n e method c o u l d t h e n be u s e d t o p r o d u c e t h e p i c t u r e . I n t e r s e c t i o n s and o r d e r i n g s w o u l d t h u s be h a n d l e d on a f a c e by f a c e b a s i s , t h e r e b y i m p r o v i n g l l n e t o l i n e c o h e r e n c e . I t i s h o p e d t h a t an i m p r o v e d p e r f o r m a n c e w i l l be a c h i e v e d by t h i s m e t h o d . PICTURE DISPLAY The d e v i c e u s e d a t t h e CAD C e n t r e f o r d i s p l a y i n g s h a d e d p i c t u r e s i s a PDP 9 c o m p u t e r w i t h 340 d i s p l a y u n i t .
The PDP 9 i s an 8K m a c h i n e and t h e 340 i s c a p a b l e o f d i s p l a y i n g a p p r o x i m a t e l y 2OOO i n c h e s o f l i n e p e r s e c o n d . The DEC 340 d i s p l a y h a s b e e n e n h a n c e
I n o r d e r t o d i s p l a y a s h a d e d p i c t u r e , t h e s c r e e n map i s c o n v e r t e d ( i n ATLAS) i n t o a c o m p r e s s e d f o r m a t d i s p l a y f i l e t h a t i s p r o c e s s e d i n t e r p r e t i v e l y by
d t o 64 i n t e n s i t i e s , t h u s 6 b i t s a r e u s e d t o d e f i n e t h e i n t e n s i t y of a l i n e s e g m e n t , and 6 b i t s a r e u s e d t o h o l d i t s l e n g t h . To o v e r c o m e t h e l i m i t e d s p e e d a t w h i c h t h e
34 ° c a n d i s p l a y l i n e s , t h e p i c t u r e c a n be i n t e r l a c e d . R a s t e r l i n e s a r e n o t d i s p l a y e d i n o r d e r o f i n c r e a s i n g y v a l u e .
I n t h e c a s e o f a p i c t u r e o f 512 r a s t e r l i n e s , t h e n t h r a s t e r l i n e d i s p l a y e d h a s a y v a l u e o f ( n . p ) m o d u l o 512, w h e r e p i s p r i m e t o 512.
I n p r a c t i c e a v a l u e o f p o f 97 h a s b e e n f o u n d t o g i v e good r e s u l t s , i n some c a s e s n e a r l y f r e e z i n g t h e p i c t u r e .
F o r t h e p u r p o s e s o f t a k i n g p h o t o g r a p h s , t h e p i c t u r e i s d i s p l a y e d an i n t e g r a l number o f t i m e s w h i l e t h e c a m e r a s h u t t e r i s o p e n ,
t h e r e b y e n s u r i n g t h a t a l l p a r t s o f t h e f i l m a r e e x p o s e d f o r an e q u a l amount o f t i m e .
FUNCTIONS USED FOR SHADING S e v e r a l a u t h o r s [3,6,7] h a v e d i s c u s s e d m e t h o d s o f c o m p u t i n g t h e i n t e n s i t y o f a p a r t i c u l a r f a c e o f t h e o b j e c t f o r a g i v e n l i g h t c o n d i t i o n . U s u a l l y t h e p r o b l e m i s l i m i t e d t o c a s e s w h e r e t h e l i g h t s o u r c e i s a t t h e e y e and a u n i f o r m mean i n t e n s i t y i s c o m p u t e d o v e r t h e w h o l e f a c e . One o f t h e r e a s o n s f o r t h i s r e s t r i c t i o n i s t o a v o i d t h e c o m p l e x i t y o f s o l v i n g t h e shadow p r o b l e m .
However, i n t e r e s t i n g e f f e c t s c a n be o b t a i n e d w i t h o b l i q u e l i g h t i n g e v e n i f t h e shadow p r o b l e m i s i g n o r e d .
The
most i n t e r e s t i n g o b j e c t s t o i n v e s t i g a t e w i t h d i f f e r e n t l i g h t i n g f u n c t i o n s a r e t h o s e t h a t c o n s i s t o f a l
The large number of differing orientations arising in the scene lead to interesting reflection patterns. For instance, consider the simple intensity function I = r.cosn(a)+b where r is the intensity range, n is some arbitrary power, a is some measure of the angle between the incident light and the face normal and b is the ambient level of lighting.
For n=l this function simulates diffuse reflection, but if n is increased to a high value, say 20, then this leads to most of the object appearing dark, with a few critical faces appearing at the brightest intensity. This gives the effect of a black shiny object.
Observations in the real world show that many curved surfaces, for example bottles and other solids of revolution, are characterised by having longitudinal reflection patterns. This effect is easily simulated by having a component in the lighting function of the form
where again m is a high power.
In this case the brightest faces appear where the light is nearly tangential, which in the case of a bottle produces a white streak right down the side of the bottle.
A third effect that picks out the silhouette of a dark object has been used. This is done by having a light source of the 'sine' type at the viewing point.
Transparent materials can be simulated by using a small extension to the screen map routine. When a line segment is to be added t o the map, instead of completely overwriting the map, some function of the intensity of what it would obscure and of its own intensity is used. The form of this function determines the apparent transparency of the material.
The function used at present defines the resulting intensity, I, a s :
Where ~ and 10 are the intensities of the new and obscured line segments respectively, and w is a weighting factor.
These functions do not attempt to simulate the real world,though a judicious use of them can considerably enhance the appearance of some objects. Examples of various combinations of these effects can be found in the accompanying illustrations.
PERFORMANCE OF THE METHOD
Watkins
[4 ] has classified published hidden-surface algorithms according to three criteria; deterministic or non-deterministic, area subdivision or scan-line subdivision, and object space or sample space. It is relevant to see where the current algorithm fits into this classification.
The non-determinlstic front end of the current algorithm works in object space and is also of the area subdivision type. The fundamental difference from Warnock's approach is that area subdivision is carried out on the planar faces of the object in an intelligent manner, instead of on areas of the screen in a fixed manner.
However, the deterministic back end, namely the screen maps works in sample space on a scan-line basis,
The present algorithm has not been directly tested against any other published methods and so accurate assessments cannot be given of the performance relative to these methods. The current implementation is written wholly in FORTRAN except for the screen map routines, which are written in machine code. The program runs in 24k of core in ATLAS 2 and up to 8OO faces and 1000 points can be accomodated in this core space. The time taken to produce an image can be broken down into four parts as follows:
Object transformation, preliminary data calculations and initialisation of ordered list.
2. Preparation of faces for the screen map including ordering tests and face splitting.
3-Writing of faces to the screen map.
4. Conversion of screen map into compressed format display file.
Items I and
4 make a relatively insignificant contribution to the total computation time, usually taking less than 2 seconds.
The time taken for item 2 is largely dependent on how good the initial ordering is. If few faces intersect then this time is usually shortj but cases can arise where it becomes significant.
Item 3 takes most of the time, and clearly this is a part of the algorithm that can be isolated and implemented with fairly cheap hardware. However, the software method used still makes this approach to the hidden-surface problem a feasible proposition.
The table in Figure 2 gives a breakdown of the times taken for a series of test objects. For comparison with other machines, it is estimated that equivalent FORTRAN programs take 3 times longer on ATLAS 2 than on a UNIVAC 1108. All times quoted in the table are based on a picture of 512 by 512 raster points. The Figure  6 shows the same object as figure 5, rendered in a transparent material.
Figures 8 to 10 are examples of objects designed with a solids of revolution program. Figure  11 is an example of an object generated with THINGS [8] .
It is necessary to consider all but the edge-on planes in this object, because it is not a solid. Figure  12 is another object generated with THINGS.
The picture was generated on its side since the horizontal complexity is far greater than the vertical. Figure  13 shows a representation of a crematorium modelled using THINGS. 
